Background
==========

Since the landmark paper on carbon nanotubes (CNTs) by Iijima in 1991 \[[@B1]\], extensive research has confirmed their unique physical, chemical, and electrical properties generating considerable interest in their potential biomedical applications, e.g. drug delivery \[[@B2]\], tumour hyperthermic ablation \[[@B3]\], and tissue engineering \[[@B4]\]. As with any potential therapeutic or diagnostic agents, the safety profile (biocompatibility and potential adverse effects) of CNTs is crucial for the translation into novel clinical therapies based on these nanomaterials. Several *in vitro* and *in vivo* studies have demonstrated that short, highly purified CNTs with biocompatible polymer coating and functionalisation are essential for reduction in cytotoxicity \[[@B5]-[@B8]\]. However, for various reasons, there remain conflicting data concerning CNT toxicity: lack of characterisation of the CNTs and differences in the experimental design, materials, cell viability systems, and nanotube concentrations.

In the assessment of cytotoxicity, cell types also need to be considered as cells with different functions may respond differently to the exposure of CNTs. After the CNTs\' pass of the endothelial barrier, the cell types that are most likely to encounter CNTs *in vivo* are immune cells (e.g. macrophages, dendritic cells, and T and B lymphocytes) because of their primary defence function against pathogens and foreign particulate matter. Additionally, immune cells have been identified as effective vehicles for cancer therapy and in the treatment of infectious diseases when stimulated and targeted by functionalized CNTs \[[@B9]-[@B11]\]. Hence evaluation of CNT toxicity to immune cells is an important but overlooked component of CNT nanotoxicology.

In the present study, we investigated the length-dependent effects of multi-walled carbon nanotubes (MWCNTs) *in vitro* on two types of cell lines: macrophage-like RAW264.7 and epithelial cancer cell line MCF-7, using highly purified and stable aqueous dispersed MWCNTs that were characterised by scanning electron microscopy (SEM). We confirm that long MWCNTs are more toxic to both cell types and that the toxicity of MWCNTs is greater to RAW264.7 cells than it is to MCF-7 cells. Possible mechanisms for the differences in the degree of cytotoxicity were investigated by measuring MWCNT cellular uptake, reactive oxygen species (ROS) generation, and inflammatory responses of RAW264.7 cells by cytokine secretion. Our data indicated that nanotoxicity analysis requires a different approach to conventional toxicity studies used for cytotoxic drugs, and for valid assessment of the effect of CNTs on cell viability, different assay systems that measure different aspects of cellular response should be used.

Methods
=======

Preparations of MWCNT solution
------------------------------

Pure MWCNTs (99 %) of the same diameter (40 to 60 nm) but in two length ranges: 1.5 (short (S)-MWCNTs) and 3 to 14 μm (long (L)-MWCNTs) were supplied by Nanothinx S.A. (Platani, Greece) produced by chemical vapour deposition. MWCNT purity was estimated by ICP-MS, which accounts for the percentage of metal residuals. The aqueous dispersions of MWCNTs were realized by coating with non-ionic surfactant Pluronic F-127 (polyoxyethylene-polyoxypropylene block copolymer, PF-127; Sigma-Aldrich, Dorset, UK, cat\# P2443), which has been proved to be successful dispersion agent for CNTs \[[@B12]\]. The coating was achieved by mixing 40-mg MWCNTs with 80 mL of a PF-127 solution (1 % PF-127 in PBS). This solution was stirred at 70 °C for 5 h and then sonicated at 70 W (Branson sonicator, Bransonic, Danbury, CT, USA) for 2 h to achieve homogeneous dispersion. The dispersion was then centrifuged at 1,100 × *g* for 10 min to remove residuals and impurities. Supernatant was collected, and PF-127-coated MWCNTs were washed three times at 40,000 g, 4 °C for 30 min with Dulbecco\'s modified Eagle\'s medium (DMEM) containing 10 % fetal calf serum (FCS) and penicillin/streptomycin, to remove the excess PF-127 in solution. The residual pellet was re-dispersed in DMEM to form the final solution at a concentration of 800-μg/mL MWCNTs before storage at 4 °C. The PF-127 coating was confirmed by SEM \[see [Figure S1 in Additional file 1](#S1){ref-type="supplementary-material"}. The concentrations of MWCNT solutions were measured by spectrophotometric analysis \[[@B13]\].

Characterisation of MWCNTs by SEM
---------------------------------

Scanning electron microscopy was employed to assess effective dispersion of both S- and L-MWCNTs and also to confirm the size distribution of MWCNTs of the two samples. For this characterisation, samples of polymer-coated S- and L-MWCNTs were washed eight times with ddH~2~O by centrifugation at 40,000 × *g*, 4 °C, to remove the salts and proteins in the medium. A small drop (10 μL) of MWCNT solution (5 μg/mL) was placed onto an alumina substrate and allowed to dry at room temperature. Dried specimens were then coated with 8-nm Au/Pd using a Cressington 208HR sputter coater (Cressington Scientific Instruments Inc., England, UK). Specimens were examined using a Philips XL30 ESEM (FEI Co., Hillsboro, OR, USA) operating at an accelerating voltage of 15 kV.

Cell culture
------------

Two cell lines were used for this study: phagocytic immune cell line - murine macrophage cells RAW264.7, kind gift from Professor Colin Watts and Dr. Alan Prescott (College of Life Sciences, University of Dundee), and non-phagocytic epithelial cell line - human breast cancer MCF-7 cells (ATCC; cat\# CCL-228). RAW264.7 and MCF-7 cells were grown in DMEM (GIBCO, Invitrogen, Paisley, UK). Media were supplemented with 10 % FCS, 2-mM glutamine, 100-IU/mL penicillin, and 100-μg/mL streptomycin. Cells were grown under standard cell culture conditions in 5 % CO~2~ at 37 °C to reach confluence of 50 % to 60 % before subjected to any further treatment.

Analysis of cellular uptake of MWCNTs by TEM
--------------------------------------------

Cells were grown in 75-cm^2^ flasks in standard conditions described above. Culture medium was then changed to one containing MWCNTs at concentration of 50 μg/mL, and cells were incubated for further 24 h. Cells were washed and fixed with 4 % (*w*/*v*) paraformaldehyde/2.5 % (*v*/*v*) glutaraldehyde buffered in 0.2-M PIPES. After 30 min in fixative, cells were scraped off the flasks in 1 ml of fixative, transferred to Eppendorf tubes, and centrifuged at 14,000 × *g* for 20 min. Pellets were washed in 0.2-M PIPES and postfixed in 1 % aqueous osmium tetraoxide for 1 h, washed in water, and dehydrated in graded ethanol and propylene oxide before embedding in Durcupan resin (Sigma) and polymerised at 60 °C for 24 h. Seventy-nanometer sections were cut on a Leica UCT ultramicrotome (Leica Microsystems Ltd., Milton Keynes, UK), mounted on Pioloform-coated 100-mesh copper grids, stained with uranyl acetate and lead citrate before being examined in a Tecnai 12 electron microscope (E.A. Fischione Instruments, Inc., PA, USA). Images were recorded in digital imaging plates and scanned in a Ditabis Micron scanner (Pforzheim, Germany).

Quantitative measurement of cellular uptake of MWCNTs
-----------------------------------------------------

Cells were seeded in 6-well plates and exposed to 10 μg/mL S- and L-MWCNTs for 0.5, 1, 4, 8, and 24 h. At each time intervals, cells were washed with PBS three times and trypsinized for counting. Cells were counted, and same number of cells (10^5^ cells) were centrifuged and lyzed with 800-μL 2 % sodium dodecyl sulfate solution at room temperature for 10 min. Dimethyl sulfoxide (200 μL) was then added to the lysate to facilitate MWCNT dispersion. Lysate (100 μL) was transferred to a 96-well plate, and absorbance at 500 nm was measured using multimode plate reader (infinite M200, Tecan Austria GmbH, Salzburg, Austria). MWCNT concentrations were calculated according to the initially established standard MWCNT solution curve. The method is based on the work by Hirano et al. \[[@B14]\].

Cell viability assays
---------------------

Two cell viability assays were used to study the effect of MWCNT treatment. The first was the CellTiter-Blue Cell Viability Assay (Promega, UK). In this assay, viable cells convert a non-fluorescent compound resazurin into fluorescent end product resorufin. Cells were seeded in 96-well plates at densities of 10 × 10^4^, 5 × 10^4^, 2.5 × 10^4^, and 1.25 × 10^4^ cells/mL, respectively, depending on the incubation time required and maintained in cultures for 24 h before addition of MWCNTs. MWCNTs in media were diluted by culture media to final concentrations of 200, 50, and 12.5 μg/mL and added to cell cultures (in triplicate), respectively. Cells were incubated with MWCNTs for up to 1 week. Cells incubated with MWCNTs at each time interval were washed (three times) with culture media to remove the excessive MWCNTs before addition of assay reagents. Cells were further incubated for 3 h, and fluorescence intensity was measured using wavelengths of excitation at 560 nm and emission at 590 nm, respectively. Values (fluorescence intensity at 590 nm) of treated cells were expressed as percentage of that from corresponding control cells. All experiments were repeated at least three times.

Trypan blue exclusion was used as the second assay to validate cell viability data obtained by the CellTiter-Blue method. Trypan blue is a vital stain used to colour the dying or dead cells in which cell membranes lose their integrity so the dye can pass through the membrane and stain the cell. In contrast, healthy, viable cells maintain their membrane integrity and cannot be stained by trypan blue. Cells were cultured and treated the same way as described in the CellTiter-Blue assay except seeded in 24-well plates in duplicate. Cells incubated with MWCNTs at each time interval were washed twice with PBS before trypsinization, following which cell suspensions were mixed with equal volume of 0.4 % trypan blue. Then 10 μL of stained cells was placed in an automated cell counter (Countess automated cell counter, Invitrogen, UK), and the number of viable cells was counted.

ELISA measurements of cytokine secretion of RAW264.7
----------------------------------------------------

RAW264.7 cells were treated by S- and L-MWCNTs at concentrations of 12.5, 50, and 200 μg/mL, respectively, for 24 h, and the supernatants of culture media were assayed for TNF-α and interleukin-12 (IL-12) concentrations by ELISA using commercially available mouse TNF-α kit (Invitrogen, UK; cat\# KMC3011) and mouse IL-12 (p70) ELISA MAX Deluxe Set (BioLegend, UK; cat\# 433604), respectively, according to the manufacturer\'s instructions. In brief, cell culture supernatants were added to cytokine specific antibody-coated wells, followed by the addition of a biotinylated detection antibody. Avidin-horseradish peroxidase conjugate was then added to plate wells followed by addition of appropriate enzyme substrate. The resultant absorbance of samples was quantitated at 450 nm using multimode plate reader (infinite M200, TECAN, Austria), and background was subtracted. Experiments were conducted in triplicate for three times.

Measurement of intracellular ROS
--------------------------------

ROS generation by MCF7 and RAW264.7 was determined by ROS assay according to the manufacturer\'s instructions. In brief, RAW264.7 and MCF-7 cells were seeded in 96-well plates at a density of 10^5^ cells/well and incubated at 37 °C for 24 h. Culture media were aspirated, and cells were treated by S- and L-MWCNT solutions at concentrations of 12.5, 50 and, 200 μg/mL, respectively, for 24 h. After treatment, cells were washed with PBS, loaded with 10-μM carboxy-H~2~DCFDA (Invitrogen, UK; cat\# C6827) for 1 h. Subsequently, loading buffer was removed, and cells were returned to pre-warmed media and incubated for 30 min before the final reading. In the final step, media were replaced by PBS, and fluorescence intensities were measured at 493-nm excitation and 520-nm emission in the multimode plate reader. Carboxy-H~2~DCFDA unstained cells with MWCNTs for autofluorescence measurements in order to subtract the background reading were assessed as negative controls. Experiments were carried out in duplicate and repeated three times.

Statistical analysis
--------------------

Results were expressed as mean ± standard errors. *P* values for differences between MWCNT treated samples and controls were calculated using unpaired two-tailed equal variance Student\'s *t*-test. Statistical significance was set at *p* \< 0.05.

Results
=======

Characterisation of MWCNTs by SEM
---------------------------------

The aqueous dispersions of MWCNTs were obtained by coating with non-ionic surfactant PF-127 and were stable for at least 6 months after coating (data not shown). Metal content remained in MWCNTs was less than 0.2 %, verified by ICP-MS (data not shown). After washing with ddH~2~O, S- and L-MWCNTs were examined by SEM. SEM images in Figure [1](#F1){ref-type="fig"} show that more entanglements occurred among L-MWCNTs than S-MWCNTs (Figure [1](#F1){ref-type="fig"}a,b). By manually counting 50 of each of the two types of MWCNTs, S-MWCNTs were of 0.4 to 1.4 μm in length as were claimed by the manufacturer (\<1.5 μm), and L-MWCNTs were in the range of 2.4 to 10 μm with most L-MWCNTs in 3 to 8 μm, which are slightly shorter than the manufacturer claimed (3 to 14 μm) but have no overlap with S-MWCNTs. We believe that the length difference between these two MWCNT samples was large enough for the length comparison study, and the possible effects caused by metal content can be neglected.

![SEM images of (a) S- and (b) L-MWCNTs.](1556-276X-7-361-1){#F1}

Cellular uptake of MWCNTs
-------------------------

The mechanism of CNT cellular uptake has yet to be fully understood but may occur through either an energy-independent needle-like penetration, or engulfment, or a combination of both processes, possibly depending on CNT surface characteristics and cell types \[[@B3],[@B15]\]. To confirm the internalisation of MWCNTs, cellular uptake of S- and L-MWCNTs was examined by TEM. Figure [2](#F2){ref-type="fig"}a,b shows that S-MWCNTs were identified in the cytoplasm of MCF-7 and RAW264.7 cells. Similarly, cellular uptake of L-MWCNTs by both cells was also observed by TEM (Figure [2](#F2){ref-type="fig"}c,d). These results confirmed the internalisation of MWCNTs by both epithelial tumour and phagocytic immune cells. To quantitatively measure the amount of MWCNTs that interacted with cells including intracellular and those attached to cell membranes, spectrophotometry was performed, and the data revealed that RAW264.7 cells had significantly more S-MWCNTs internalised or attached than the epithelial cells after 24-h incubation (*p* \< 0.05) (Figure [3](#F3){ref-type="fig"}). Concentration of 10 μg/mL was chosen because it caused minimal viability loss to all cell lines after 24-h incubation based on the viability data (see below). As shown in Figure [3](#F3){ref-type="fig"}, RAW264.7 again exhibited higher uptake of L-MWCNTs than MCF-7. RAW264.7 cells had significant higher uptake of L-MWCNTs over MCF-7 cells after 24 h. By checking under optical microscope, we observed more S- and L-MWCNTs were taken or membrane bounded by RAW264.7 cells than MCF-7 cells (data not shown). Difference in MWCNT uptake may affect cell viability and functionality to different extent, and further investigations are needed to clarify this.

![**TEM photographs show the cellular uptake of MWCNTs.** Cells were incubated overnight in media containing 50-μg/mL S- (**a** and **b**) and L-MWCNTs (**c** and **d**), and MWCNTs internalisation in MCF-7 (a and c) and RAW264.7 cells (b and d) were analysed by TEM as described in the 'Methods' section.](1556-276X-7-361-2){#F2}

![**Cellular uptake of MWCNTs.** Cells were incubated in media containing 10-μg/mL S- and L-MWCNTs for up to 24 h. Absorbance was taken after the cells were thoroughly washed (three times) and lysed as described in the 'Methods' section. Experiments were performed in triplicate for three times.](1556-276X-7-361-3){#F3}

Cell viability measured by CellTiter-Blue and trypan blue staining
------------------------------------------------------------------

CellTiter-Blue assay was employed to evaluate the cell viability in response to MWCNTs. S-MWCNTs, when added to cell cultures of immune cells RAW264.7, did not elicited significant damage under almost all treatment conditions (Figure [4](#F4){ref-type="fig"}a). To compare the length effect of MWCNTs, cells were treated with L-MWCNTs under the same conditions. As shown in Figure [4](#F4){ref-type="fig"}a, L-MWCNTs induced significant toxic effects in RAW264.7 cells at higher concentrations (200 μg/mL) and longer incubation (\>72 h).

![**Cell viability of RAW264.7 cells.** Measured by (**a**) CellTiter-Blue assay and (**b**) trypan blue counting in response to different concentrations and incubation times of S- and L-MWCNTs. Cells were treated as described in the 'Methods' section, and data were expressed as mean ± standard errors. Experiments were performed for three times.](1556-276X-7-361-4){#F4}

Carbon nanotubes and other nano-structures by virtue of their surface energy and reactivity pose special problems in the evaluation of their toxicity, not encountered in assessment of standard cytotoxicity studies for drugs. MWCNTs are significantly bigger and have more complex structure than most cytotoxic drugs, and many unknown factors may influence tests used to determine their cytotoxicity. In order to validate the cell viability data obtained by CellTiter-Blue, we used a second assay, trypan blue exclusion. As shown in Figure [4](#F4){ref-type="fig"}b, trypan blue manual counting revealed overall lower cell survival rates of RAW264.7 cells in response to short and long MWCNTs. Although no significant toxicity was detected by CellTiter-Blue assay for S-MWCNTs to RAW264.7 cells, trypan blue counting, however, demonstrated remarkably lower viability by S-MWCNTs than control at concentrations at 50 μg/mL and above (Figure [4](#F4){ref-type="fig"}b). The length effect of MWCNTs evaluated by the second assay was detected earlier (at 24 h) by trypan blue counting than revealed by the CellTiter-Blue assay. These results indicate that standard cell viability assays like the CellTiter-Blue assay may give inaccurate or even false information for the assessment of MWCNT toxicity, and short MWCNTs are although safe for use in general with most cells, they can still cause damage to certain immune cell types.

The data from MCF-7, again suggest the unsuitability of conventional cytotoxicity assays for nanotoxicity evaluation (Figure [5](#F5){ref-type="fig"}), showed that overall toxicity of MWCNTs to these cells under most experimental conditions was smaller than that to RAW264.7 cells especially at higher doses (Figure [5](#F5){ref-type="fig"}), in which both S- and L-MWCNTs were shown to damage immune cells even at early stage of incubation (Figure [4](#F4){ref-type="fig"}b). Length-dependent toxicity of MWCNTs to MCF-7 cells was also observed at later stage of incubation (7 days), which was distinct from that of RAW264.7 cells. These data demonstrated that RAW264.7 cells are more vulnerable to MWCNT encounter than MCF-7 cells under the experimental conditions.

![**Cell viability of MCF-7 cells.** Measured by (**a**) CellTiter-Blue assay and (**b**) trypan blue counting in response to different concentrations and incubation times of S- and L-MWCNTs. Cells were treated as described in the 'Methods' section, and data were expressed as mean ± standard errors. Experiments were performed for three times.](1556-276X-7-361-5){#F5}

ELISA measurements of cytokine secretion of RAW264.7
----------------------------------------------------

Based on the viability data showing that RAW264.7 cells were more susceptible to damage by MWCNTs than MCF-7 cells, the underlying mechanism such as release of pro-inflammatory cytokine by immune cells in response to MWCNTs \[[@B16]\] was studied. TNF-α is one of the major cytokines secreted by immune cells under stress conditions \[[@B5]\]. Hence, we investigated the release of TNF-α to culture media by RAW264.7 upon MWCNT treatment. As shown in Figure [6](#F6){ref-type="fig"}a, S-MWCNTs stimulated RAW264.7 cells to produce higher levels of TNF-α than L-MWCNTs in a dose-dependent manner (up to 2,486.4 and 1,537 pg/mL at concentration of 200 μg/mL by S- and L-MWCNTs, respectively). These results implicate the ability of TNF-α induction by MWCNTs in macrophages. IL-12 is an inflammatory mediator released by dendritic cells and macrophages in response to cytotoxic foreign bodies. As shown in Figure [6](#F6){ref-type="fig"}b, only a small increase on the release of IL-12 by RAW264.7 when exposed to S- and L-MWCNTs for 24 h was observed, and the level of released cytokine was similar in both treatments.

![**TNF-α (a) and IL-12 (b) released in culture media by RAW264.7 cells.** Experiments were performed in triplicates for three times.](1556-276X-7-361-6){#F6}

ROS production of cells in response to MWCNTs
---------------------------------------------

The effect of S- and L-MWCNTs on cellular oxidative stress was assessed by the formation of intracellular ROS since the generation of ROS by nanomaterials has been linked to a general toxic response \[[@B17]\]. As shown in Figure [7](#F7){ref-type="fig"}, S- and L-MWCNTs induced the formation of ROS in both cell lines in a dose- and length-dependent manner. L-MWCNTs at 200 μg/ml induced much higher level of ROS in RAW264.7 cells than S-MWCNTs after 24-h incubation in agreement with the cell viability data in which L-MWCNTs exhibited significantly higher toxicity than S-MWCNTs to these cells at earlier stage of incubation (Figure [4](#F4){ref-type="fig"}b). In MCF-7 cells, L-MWCNTs showed greater toxicity than S-MWCNT, causing significant increase in ROS (*p* \< 0.05) at all tested concentrations after 24-h incubation (Figure [7](#F7){ref-type="fig"}b). Although the data in cell oxidative stress are partially in agreement with that obtained by standard endpoint cell viability assays, ROS measurement revealed earlier cell response (24-h incubation) that could not be detected by cell viability assays (Figures [4](#F4){ref-type="fig"}b and [5](#F5){ref-type="fig"}b), suggesting MWCNTs\' cytotoxicity should be evaluated by analysing different aspects of cell response so as to get improved safety profile of this nanomaterials.

![**ROS production.** By (**a**) RAW264.7 and (**b**) MCF-7 cells in response to MWCNTs is dose and length dependent. Experiments were performed in duplicates for three times.](1556-276X-7-361-7){#F7}

Discussions
===========

There is evidence that the risk of MWCNT nanotoxicity increases with their length. Our study showed that highly purified, well-dispersed MWCNTs exhibit different degree of toxicity depending on their length as well as cell types tested. In addition, the experimental design and methods used in the present study provide valuable information for interpretation of cell toxicity analysis and for risk evaluation in biomedical applications of MWCNTs.

In the evaluation of the MWCNT toxicity *in vitro*, choice of appropriate methods for cell viability is crucial in view of conflicting data in some of the reported studies, which can be explained by the various *in vitro* cell viability tests. In many of these studies, MTT assay has been used. Subsequently, a problem with the MTT assay was identified as the MTT-formazan crystals bind to the CNTs, accounting for the false positive results by this assay \[[@B18]\]. Other authors have reported interactions of CNTs with various indicator dyes: Commasie Blue, Alamar Blue (same as CellTiter-Blue), neutral red, MTT, and WST-1 (same as MTS) \[[@B19],[@B20]\]. One report evaluating the interference of MWCNTs with resazurin confirmed a significant decrease in the signal (approximately 15 % to 20 %) during fluorescence detection in the presence of MWCNTs \[[@B21]\]. The present study also revealed similar interference between the CellTiter-Blue reagents and MWCNTs (data not shown). To minimize this effect in the CellTiter-Blue assays used in the present study, excessive MWCNTs in media were thoroughly washed and removed before adding the reagents. However, this failed to remove most MWCNTs attached to cell membranes when checked with microscopy. Therefore, it seems likely that during CellTiter-Blue assay the interference between MWCNTs (both intracellular and membrane bound) and assay reagents persists and could contribute to the false high cell viability results when validated by manual trypan blue counting. More complex mechanisms such as cell membrane-MWCNT interaction may also be involved in determining cellular responses to MWCNTs \[[@B22]\], all of which merit detailed further investigation.

As the immune system plays a key role in the protection against foreign materials, studies of MWCNT toxicity to immune cells are essential for *in vivo* translation of therapies based on MWCNTs. In this respect, tissue and circulating macrophages constitute an important component of the effector immune system responsible for the ingestion and clearance of particulate foreign bodies and, thus, deserve attention in nano-toxicity studies. Our data suggest that precautions are needed even when using short MWCNTs.

To study the possible mechanisms underlying the difference in their biocompatibility, S- and L-MWCNTs cellular uptake was investigated. RAW264.7 cells internalised more MWCNTs than the MCF-7 cells, partially explaining the difference in cytotoxicity by MWCNTs in two cell types, as the larger load of internalised MWCNTs may be responsible for increased disruption of the integrity of cell membrane and intracellular organelles. Cellular uptake cannot, however, be the only factor determining cell viability. As MWCNT-cell membrane interaction could affect cellular response and, therefore, cytotoxicity, the higher toxicity of L-MWCNTs may also be explained by such mechanism, which is yet to be clarified. It has been shown that macrophages experience difficulty in engulfing long CNTs, and incomplete internalisation or simply binding of MWCNTs by macrophages could impair the plasma membrane \[[@B23]\]. Additionally, membrane damage caused by carbon-based nanomaterials can be also ascribed to lipid peroxidation following contact between the nanomaterial and cell membrane \[[@B22]\].

Pro-inflammatory cytokine secretion is an important parameter in inducing apoptosis of immune cells as well as an indicator of the inflammatory response. Our studies have shown that in response to MWCNT treatment, RAW264.7 cells secreted considerable amount of TNF-α, indicative of the inflammatory response by these cells. However, in contrast to the cytotoxicity, S-MWCNTs induced more TNF-α production than L-MWCNTs. This finding is in agreement with the previous report by Brown et al. \[[@B16]\] that straighter and shorter nanotubes induced higher TNF-α production compared with other CNT samples. Since our viability data showed that L-MWCNTs were more cytotoxic to RAW264.7 cells, other mechanisms are probably involved, e.g. membrane-nanotube contact causing more cell membrane and intracellular organelle damage, lipid peroxidation, incomplete uptake of L-MWCNT, etc. IL-12 production by RAW264.7 in response to both types of MWCNTs was, however, minimal during 24-h incubation. Nevertheless, we cannot exclude IL-12 release during longer incubation periods. In addition to pro-inflammatory cytokine secretion by RAW264.7 cells, ROS generation by both cell lines was employed in the present study to compare MWCNT toxicity. Although previously reported, ROS production induced by CNT exposure was considered to be caused by the metal impurities \[[@B8],[@B24]\]; our data demonstrate that both S- and L-MWCNTs, even when highly purified, induced excessive of ROS production within 24 h in dose- and length-dependent manner, suggesting the nanoscale nature of the MWCNTs itself influences the oxidative stress response of cells.

The present study has produced evidence that the current panel of cell viability assays for nanomaterials is not sensitive enough for providing an accurate toxicity profile of nanomaterial. In the short term, it is recommended that *in vitro* assays of nanomaterial toxicity should be confirmed by trypan blue exclusion, but there is an urgent need for the development of improved testing-based label-free approaches for measuring nanotoxicity in living cells. These approaches are being explored in our laboratory.

Conclusions
===========

In conclusion, this study confirms the importance of length of polymer-coated MWCNTs in cell damage and biocompatibility. It also demonstrates that the nanotoxicity of MWCNTs is cell specific and that epithelial cancer cells are more resistant to cell damage than immune cells. The amount of MWCNTs phagocytised by immune cells as well as pro-inflammatory responses induced by MWCNTs may play an important role in determining the degree of cytotoxicity. Due to possible complex interactions between CNTs and cellular components and between CNTs and standard cell viability assay systems, CNT nanotoxicity data should be carefully interpreted. Finally, there is a need for methodological research aimed at development of 'reagent free' tests of nanotoxicity of living cells exposed to nanomaterials.
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